Department of Biochemistry, University of Cambridge (Received 28 March 1958) The utilization of glucose by muscle is thought to be limited by the rate at which glucose enters the muscle cell and insulin is believed to stimulate glucose uptake by speeding its entry (Levine & Goldstein, 1955; Park, Bornstein & Post, 1955; Park & Johnson, 1955) . We have shown that the uptake of glucose by isolated rat diaphragm incubated in a bicarbonate-buffered medium is increased by anoxia and by substances which inhibit oxidative phosphorylation, as well as by insulin (Randle & Smith, 1957 , 1958 . These observations led us to suggest that the entry of sugars such as glucose into the muscle cell is restrained under basal conditions by a process dependent upon a supply of energy-rich phosphate. We have now attempted to obtain more direct evidence in support of this suggestion by studying the effects of insulin, anaerobiosis and substances which inhibit oxidative phosphorylation on the accumulation of glucose and xylose in isolated diaphragm.
We will express the amount of glucose or xylose accumulating in diaphragm as a space, the glucose or xylose space being that fraction of the volume of the tissue which appears to contain fluid of the same specific gravity and glucose or xylose content as the incubation medium. Interpretation of these results in terms of the distribution of sugar between extracellular and intracellular water in-* Part 1: Randle & Smith, 1958. volves comparing the glucose or xylose space with the volume of extracellular fluid held by the tissue. Glucose or xylose are deemed to be present in intracellular water only if the glucose or xylose space exceeds the volume of extracellular fluid. The volume of extracellular fluid may be estimated by measuring the space occupied by substances which are believed not to enter the cells under normal conditions. We have used both inulin and the thiosulphate ion for this purpose, though we have found, as others have (Kipnis & Cori, 1957) , that thiosulphate yields higher values for the volume of extracellular fluid than does inulin. The reliance that can be placed on either the thiosulphate space or the inulin space alone is therefore uncertain and the conclusions which we draw are, for the most part, based on both estimates of the volume of extracellular fluid. In most of the experiments we have used a diaphragm preparation, first described by Kipnis & Cori (1957) , in which no muscle fibres are cut. The advantage of this preparation is that its spaces are apparently similar to those of the muscle in vivo (Kipnis & Cori, 1957 for xylose space, D-xylose (1-5 or 5 mg./ml.) and D-glucose (1 mg./ml.) were added; inulin space was measured in the presence of inulin (2 or 4 mg./ml.) and D-glucose (1 or 2-5 mg./ml.). The units m-osmoles have been suggested and defined by Gamble (1950 Cut-diaphragm preparation. Hemidiaphragms were prepared and incubated as described in the preceding paper (Randle & Smith, 1958 Intact-diaphragm preparation. Animals were killed by decapitation and exsanguinated. The skin and fascia were dissected from the thoraco-abdominal wall, and the ribs and abdominal wall on either side of the diaphragm were divided, and the viscera separated from the diaphragm and the vertebral column transected above and below the diaphragm. The diaphragm, with its attachments to spine, ribs, xiphisternum and costal cartilages intact, was then washed in the appropriate incubation medium with continuous gassing. Each diaphragm was then slid into a 50 ml. conical flask containing 10 or 20 ml. of medium. The flasks were gassed with the appropriate gas or gas mixture, sealed with rubber stoppers and incubated with shaking in a water bath at 37°. Incubation was for 1 hr. unless otherwise stated. The tissue was then removed from the flask, the diaphragm (excepting the posterior portion) excised from the rib cage and blotted, and weighed and frozen as described for the cut preparation. If more than one analysis was made on the same diaphragm, the muscle was divided along the central tendon and the two hemidiaphragms were weighed and frozen separately.
Analytical methods Glucose, xylose or inulin. Analyses of muscle for these substances were made on extracts prepared by grinding the frozen muscle rapidly to a paste with sand in a mortar, and adding 3 ml. of water and deproteinizing with Zn(OH), (Somogyi, 1945) . Samples of medium after incubation were suitably diluted and deproteinized in the same way. Glucose was determined photometrically with glucose oxidase, peroxidase and o-dianisidine (see Randle & Smith, 1958) , xylose photometrically by the p-bromoaniline method (Roe & Rice, 1948) and inulin photometrically after hydrolysis and reaction with resoreinol (Roe, Epstein & Goldstein, 1949) .
Total water and thiosulphate. These were determined in the same sample of muscle. The sample was weighed wet, and freeze-dried and reweighed. The dried tissue was then ground to a powder with sand in a mortar and deproteinized by addition of 5 ml. of tungstic acid (Van Slyke & Hawkins, 1928) . Samples of medium after incubation were similarly deproteinized. Thiosulphate in the extract was then assayed iodometrically (Newman, Gilman & Philips, 1946) : Space (ml./100 g.) muscle content (g.f100 g. of wet muscle) medium concentration (g./ml.) wet wt. -dry wt.
Total water (ml./100 g.) = wet w x 100.
Other experimental details and the statistical methods have been given in the preceding paper (Randle & Smith, 1958) .
RESULTS

Parameters of isolated diaphracgm
(1) Total water content. The intact preparation always contained 74 ml. of water/100 g. of wet tissue, whether incubated in bicarbonate medium or bicarbonate-thiosulphate medium I or II (Table 2 ) or in phosphate-thiosulphate medium (Table 4 ). The cut preparation incubated in bicarbonate-thiosulphate medium II also contained 74 ml. of water/100 g. The total water content of the cut preparation incubated in bicarbonate medium was not determined in these experiments, though the same value of 74 ml./100 g. had previously been found by drying at 1100 (Randle, 1956) . Values of 77-78 ml./100 g. were obtained by Creese (1954) and Kipnis & Cori (1957) by drying at 1000 or 1050.
(2) Extracellular volume (thio&ulphate and inulin spaces). The thiosulphate space of intact diaphragm was 21-25 ml./100 g. (Tables 2 and 3 ). The inulin Table 4 . Influence of insulin, anaerobioais or cell poisons on the parameters of intact diaphragm incubated in pho&phate-buffered medium Diaphragms were incubated in phosphate-thiosulphate medium (for composition see Table 1 ). 2-8+0-13 (6) 3-4±0-31 (6) <0-1>0-05 2-6±0-13 (6) 2-2±0-16 (6) <0-1>0-05 3-5±0-22 (6) 3-8±0*41 (6) <0-6> 0-5 space was 12-14 ml./100 g. whether determined in the presence or in the absence of thiosulphate (Tables 2 and 3 (1) Glucose space in bicarbonate-buffered medium.
The results in Table 3 show that insulin (0-1 unit/ (2) Glucose uptake in bicarbonate-buffered medium.
The uptake of glucose from the medium by intact diaphragm was increased by insulin, anaerobiosis, 2:4-dinitrophenol, sodium arsenite, sodium cyanide and sodium salicylate (Table 3 ). These factors thus had effects on the uptake of glucose by the intact diaphragm whichi were similar to those obtained with the cut preparation (Randle & Smith, 1958 Table 1 ) to which was added D-xylose (5 mg./ml.) and glucose (1 mg./ml.). A (to 5 mm); *, insulin added at A (to 0O1 unit/ml.).
Vol. 70 505 present in addition to the 2:4-dinitrophenol the glucose uptake was lower than in the control. Similar experiments with the cut diaphragm showed that the actual utilization of glucose (as distinct from the disappearance of glucose from the medium) in the presence of 2:4-dinitrophenol plus sodium fluoride was very much lower than that in the control. Much of the glucose which disappeared from the medium under these conditions accumulated in the muscle (Table 5) . (3) Glucose space and glucose uptake in phosphatebuffered medium. The effects of anaerobiosis, 2:4-dinitrophenol or sodium salicylate on the glucose space of intact diaphragm incubated in phosphatebuffered medium (Table 4) did not differ appreciably from their effects in bicarbonate-buffered medium (Table 3) . On the other hand, dinitrophenol and salicylate failed to increase glucose uptake by intact diaphragm in phosphate-buffered medium (Table 4) , in agreement with the results obtained previously with cut diaphragm (Randle & Smith, 1958) .
(4) Xylose space in bicarbonate or phosphatebuffered media. The xylose space of the intact diaphragm preparation was expanded by insulin, 2:4-dinitrophenol, sodium arsenite, s6dium cyanide or sodium salicylate or by exclusion of oxygen (Table 6 ). Of these factors arsenite and cyanide increased the xylose space to the greatest extent. They were also the only factors to increase the inulin and thiosulphate spaces (Table 3) ; the two effects may be associated. Moreover, insulin, 2:4-dinitrophenol and sodium salicylate increased the xylose space in phosphate medium (Table 6 ). Thus in every instance insulin, anaerobiosis and cell poisons expanded the xylose space to a value greatly in excess of the volume of extracellular fluid as estimated with either inulin or thiosulphate. It must therefore be concluded that each of these agents promotes the entry of xylose into intracellular water.
The rate of xylose penetration under the influence of insulin or salicylate was studied also. In this experiment intact diaphragms were first incubated for 10 min. in bicarbonate medium without insulin or salicylate to allow basal penetration to occur. Insulin or salicylate was then added and further estimations of xylose space were made at intervals over a total period of 1 hr. Fig. 3 shows that additional xylose immediately entered the No. of observations 6 6 506 I958 tissue in both cases, the rate of penetration being greater with insulin than with salicylate. The values ultimately attained after 1 hr. of incubation were, however, similar in the two cases.
DISCUSSION
We showed in the preceding paper that insulin, anaerobiosis and a number of cell poisons all enhance the uptake of glucose by isolated rat diaphragm (Randle & Smith, 1958) . Levine & Goldstein (1955) and Park et al. (1955) believe that the uptake of glucose by muscle such as diaphragm occurs in two stages: (i) penetration of the muscle cell by glucose, and (ii) metabolism of glucose within the cell; and that it is the first of these which is normally rate-limiting. We therefore concluded that insulin, anaerobiosis and cell poisons such as 2:4-dinitrophenol or salicylate all act by stimulating the entry of glucose into the muscle cell, possibly by inhibiting a process which restrains the penetration of glucose under basal conditions. The results recorded here give further support for this view. If intracellular utilization of glucose can proceed under basal conditions at a faster rate than entry, then little or no free glucose would be expected to accumulate within the cells. This was indeed shown to be the case with the cut-diaphragm preparation by and the present investigation has demonstrated that the same is true for the intact diaphragm. Furthermore, the distribution of free glucose remained extracellular under anaerobic conditions or in the presence of insulin, cyanide or salicylate, even though these factors markedly enhanced glucose uptake. Hence either the potential rate of intracellular utilization of glucose must greatly exceed the rate of entry under these conditions or, alternatively, glucose does not enter the cell as such. Free glucose was detected within the cell, however, when diaphragm was incubated in the presence of 2:4-dinitrophenol, especially when sodium fluoride was also present. Thus unless the mechanism of entry of glucose in the presence of these substances is abnormal it seems likely that glucose does enter intracellular water as the free sugar, accumulation occurring only when utilization is inhibited to such an extent that it becomes rate-limiting. The results of measurements of glucose uptake and glucose space of intact diaphragm are therefore compatible with the view that insulin, anaerobiosis or substances which inhibit oxidative phosphorylation promote glucose uptake by accelerating the entry of glucose into the cell. This view is strengthened by the results of experiments with xylose. D-Xylose does not appear to be utilized by isolated rat diaphragm (Kipnis & Cori, 1957) . Consequently the xylose space may be used to measure the rate and extent of penetration of diaphragm by this sugar. Under basal conditions xylose rapidly enters a small volume (10-15 %) of intracellular water; thereafter further penetration is very slow. This observation suggests that a barrier within the cell confines xylose to a small fraction of intracellular water under basal conditions (cf. Helmreich & Cori, 1957) . Insulin, lack of oxygen and the cell poisons 2:4-dinitrophenol, arsenite, cyanide and salicylate all increase the fraction of intracellular water which xylose penetrates to 40-80%. Each of these agents except insulin has the property of inhibiting oxidative phosphorylation. It would therefore appear that the processes which confine xylose to a small fraction of intracellular water under basal conditions are dependent upon a supply of energy-rich phosphate compounds. Insulin, on the other hand, does not inhibit oxidative phosphorylation (Stadie, 1954) , so the mechanism of its effect on glucose uptake and xylose entry presumably differs from that of factors which do inhibit oxidative phosphorylation. One possibility is that insulin may augment glucose or xylose penetration by restricting the access of energy-rich phosphate to a process concerned with the regulation of glucose or xylose entry (Randle & Smith, 1957 , 1958 . The observation that all of these factors increase both glucose uptake and entry of xylose in diaphragm incubated in a bicarbonate-buffered medium is compatible with the following views: (i) that glucose and xylose enter the muscle cell by similar processes, and (ii) that uptake of glucose in most instances is limited by the rate of its entry into the cell. Nevertheless the rates of glucose uptake elicited by these various factors are generally different in bicarbonate medium (Randle & Smith, 1958) . If the views just outlined are correct then the rates of penetration of xylose with each of these factors should differ. This was shown to be the case for insulin and salicylate; insulin more markedly stimulated glucose uptake than salicylate (Randle & Smith, 1958) and also promoted a more rapid accumulation of xylose (Fig. 3) . On the other hand, in phosphate medium 2:4-dinitrophenol and salicylate augment xylose accumulation without increasing glucose uptake. The failure of dinitrophenol and salicylate to increase glucose uptake in phosphate medium cannot result from a diminution in the utilization of glucose within the cell to such a level that it has become rate-limiting, for free glucose does not accumulate within the cell under these conditions. One must therefore conclude either that the processes which govern the entry of glucose and xylose into the muscle cell are different or else that glucose uptake does not necessarily reflect glucose entry, even when there is no intracellular accumulation of glucose. One explanation of these anomalous findings in phosphate medium, which has been discussed more fully in the preceding paper (Randle & Smith, 1958) , is provided by the suggestion of Shaw & Stadie (1957) that glucose may be utilized partly within the cell and partly at the cell surface. Thus increased entry of glucose into intracellular water would not be associated with increased glucose uptake if at the same time there was a more or less proportionate reduction in the rate of utilization of glucose at the surface of the cell.
Although the present investigations have provided further support for the view that it is the penetration of the muscle cell by glucose which is the rate-limiting step in the uptake of glucose by isolated diaphragm and that insulin or factors which inhibit oxidative phosphorylation augment glucose uptake by increasing penetration, there are, nevertheless, at least two unsatisfactory features in the evidence for this hypothesis. One is the assumption that the same processes govem the entry of glucose and non-utilizable sugars, such as xylose, into the muscle cell. The other is the assumption that glucose utilization in muscle is entirely intracellular. Clearly, further information about the process by which glucose enters the muscle cell and about the localization in muscle of the enzymes concerned with the metabolism of glucose is prerequisite for any explanation of the mechanism of action of insulin or of the Pasteur effect in this tissue. SUMMARY 1. The accumulation of glucose or xylose in muscle has been studied in vitro with an isolated rat-diaphragm preparation in which none of the muscle fibres is cut.
2. The glucose space of this preparation does not exceed the volume of extracellular fluid when diaphragm is incubated aerobically in a bicarbonate-buffered medium. On the other hand, xylose appears to accumulate in about 10-15% of the intracellular water under these conditions.
3. Glucose remains extracellular in distribution when diaphragm is incubated anaerobically or in the presence of insulin (0.1 unit/ml.), sodium cyanide (mM) or sodium salicylate (5 mM), but accumulates within the cells in the presence of sodium arsenite (mM), 2:4-dinitrophenol (0-25 mM) or dinitrophenol (0.25 mM) plus fluoride (10 mM). Each of these factors causes a further accumulation of xylose within the muscle cell.
4. These results provide further support for the views that the entry of glucose into the muscle cell is normally the rate-limiting step in its metabolism; that the glucose entry is restrained by a process dependent on a supply of a substance generated during oxidative phosphorylation; and that insulin may promote glucose uptake by diaphragm by preventing access of this substance to the process regulating glucose entry.
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